A novel strategy for the incorporation of nonnatural amino acids into proteins was developed by using five-base codonanticodon pairs.
INTRODUCTION
A method for the incorporation of nonnatural amino acids into proteins by using chemically misacylated amber suppressor tRNAs has been developed, 1 ' 2 and used to introduce a wide variety of artificial groups into proteins.
We have reported that four-base codons such as AGGU 3 and CGGG 4 were decoded by tRNAs containing four-base anticodon and aminoacylated with nonnatural amino acid. This four-base codon strategy has made it possible to introduce two nonnatural amino acids into a single protein. 5 In this report, we show that five-base codons such as CGGUA are also available for the incorporation of nonnatural amino acids into proteins in E. coli in vitro translation system. The mutant streptavidin mRNA containing CGGUA codon at Tyr54 position and the tRNA UACCG chemically aminoacylated with pnitrophenylalanine were prepared and added into E. coli in vitro translation system. When the aminoacyl tRNA UAC cG decodes CGGUA as a five-base codon, the correct reading frame will be maintained, and consequently, the full-length protein will be successfully synthesized ( Figure 1A ). On the other hand, when arginyl tRNA C cG decodes CGG as a triplet codon, the reading frame will not be shifted, then the translation will be terminated at the following stop codon ( Figure 1B) . Therefore, the full-length protein must contain the nonnatural amino acid at the desired position. 
RESULTS AND DISCUSSION
The streptavidin gene containing CGGUA codon at the Tyr54 position was generated by PCR method and its mRNA was prepared through in vitro transcription by T7 RNA polymerase. The tRNA containing UACCG anticodon was prepared and chemically aminoacylated with p-nitrophenylalanine. The mRNA and the aminoacyl tRNA were added into E. coli in vitro translation system. The reaction mixture was incubated at 37 °C for 1 h, then analyzed by Western blotting. As shown in Figure 2A , in the absence of the tRNA UACCG or in the presence of the nonaminoacylated tRNA UACCG , no full-length streptavidin was synthesized. However, in the presence of the aminoacylated tRNA UACCG , the full-length streptavidin was successfully synthesized. This result indicates that the tRNAUACCG aminoacylated with nitrophenylalanine decodes the CGGUA codon and produces the full-length streptavidin. The suppression efficiency was estimated at 16 %, which was comparable to that of the amber suppression by the nitrophenylalanyl tRNA CUA . 1 The incorporation of the nonnatural amino acid was directly demonstrated by using a fluorescent labeled nonnatural amino acid. The streptavidin synthesized in the presence of Lys(NBD)-tRNA UACC G was digested by trypsin and applied to a reverse-phase HPLC equipped with a fluorescence detector. As a result, a single peak corresponding to a chemically synthesized Lys(NBD)-Val-l_eu-Thr-Gly-Arg was observed ( Figure 2B ), indicating that the nonnatural amino acid was evidently introduced into the desired position of the protein.
In a similar manner, other five-base codons CGGN^, where N^ and N 2 indicate one of four nucleotides, were evaluated. Western blotting indicated that all of them worked well for the incorporation of nitrophenylalanine.
CONCLUSION
By using five-base codon-anticodon pairs, incorporation of nonnatural amino acids into streptavidin in E. coli in vitro translation system was examined. Western blot analysis of the translation product and HPLC analysis of its tryptic fragment showed that the full-length streptavidin containing the nonnatural amino acid at the desired position was successfully synthesized. This is the first case that the five-base codons are decoded by the tRNAs containing five-base anticodons in the translation system. 
